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ABSTRACT

A cementitious backfill has been proposed in many geological disposal concepts for intermediate-level
waste and low-level waste in the UK and elsewhere. In this paper, the main features of the chemical
evolution of backfill and the associated changes in the near-field pH are illustrated with results from
recent work. For example, interaction of the groundwater with calcium silicate hydrate (C-S-H) phases
in a backfill is expected to play an important role in the long-term pH-buffering behaviour. Existing
experimental data for the dissolution of C-S-H gels are compared with recent experimental results from
leach tests on gels of a lower calcium to silicon ratio (C/S) to provide a consistent set of data across the
full C/S range. The results confirm that a congruent dissolution point around C/S = 0.8 is approached
by leaching from below (i.e. for gels with 0.29 < C/S < 0.8), as well as from above, as reported
elsewhere. In addition, a spreadsheet model has been developed to calculate the volume of backfill
required at the vault scale to meet specified pH performance criteria. This model includes the major
reactions of the backfill with the groundwater, waste encapsulants and waste components. It can also
consider the effects of specific waste packages on local pH performance to allow comparison with the
vault-scale calculations.

Keyworbs: evolution, near-field performance, backfill, engineered barrier, calcium silicate hydrate, C-S-H
gels, disposal concept.

Introduction . . .
The evolution and duration of the chemical

A cementitious backfill has been proposed in
many geological disposal concepts for inter-
mediate-level waste (ILW) and low-level waste
(LLW) in the UK and elsewhere (Nuclear
Decommissioning Authority, 20105). One of the
main safety functions of such backfills is to
provide predictable controls on the near-field
chemistry, including the maintenance of alkaline,
low-carbonate conditions. Under such conditions
the solubility of some key radionuclides is greatly
reduced, lowering their rates of dissolution into
the porewater and their release from the near field.

conditioning provided by the backfill depends on
a wide range of processes that arise from the
curing of the backfill, and its interactions with the
groundwater and waste forms. Understanding
these processes is fundamental in justifying:
(1) arguments underlying the disposal system
safety case for cementitious disposal concepts;
and (2) assumptions concerning the ranges of
chemical conditions applied in selecting chemical
data for use in post-closure performance assess-
ment calculations.

The cementitious concept in the UK includes a
requirement for the maintenance of high pH
conditions. In performance assessments, carried
out in support of safety cases for this concept in
the UK (Nuclear Decommissioning Authority,
2010a), the pH of the near-field porewater (as
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a value above pH 9 for a period of at least one
million years. An understanding of the processes
affecting pH underpins this assumption.

pH evolution

As groundwater enters the near field, it will be
conditioned to a high pH as it dissolves the alkali
oxides, and equilibrates with the cementitious
phases in the backfill (such as portlandite,
Ca(OH),(s), and calcium silicate hydrates,
C-S-H). Over time, leaching of the backfill by
the groundwater will reduce its alkaline buffering
capacity and eventually decrease the pH of the
near field towards that of a groundwater. Leaching
experiments and modelling studies have allowed
an overall picture of the stages in the long-term
pH evolution to be developed. These stages are
summarized in Fig. 1, following Wang et al
(2009).

Modelling of cementitious backfill interactions

Modelling of the chemical interaction of cemen-
titious backfill materials with a wide range of
waste components and groundwater elements has
progressed in recent years. Studies related to UK
disposal concepts include the development of a
relatively simple spreadsheet model for assessing
backfill requirements. This allows a wide range of
reactions with waste components to be included

and is described below. For detailed investigation
of the evolution of the cement mineralogy
(including incongruent C-S-H dissolution), and
the effects on the spatial variation of mineral
phases in and around packages, a reactive
transport model has been developed. This
modelling applied the TOUGHREACT computer
program to allow the effects of dissolution and
precipitation on porosity and flow to be accurately
represented (Hoch et al., 2009, 2012).

pH buffering by C-S-H phases

Calcium silicate hydrate phases are expected to
play a crucial role in buffering the pH of the near-
field porewater, once any Ca(OH),(s) in the
backfill is exhausted. Experimental studies have
shown that progressive leaching in deionized
water leads to incongruent dissolution of C-S-H
gels (Fig. 2). For systems of high initial calcium/
silicon molar ratio (C/S), preferential leaching of
calcium (compared to silicon) occurs until C/S
decreases to around 0.8. The C-S-H gels then
dissolve congruently (Harris et al., 2002). Current
research is extending these studies to investigate:
(1) the leaching behaviour of low calcium C-S-H
gels (initial C/S up to 0.6, these data are shown as
filled symbols in Fig. 2); (2) the associated
structural changes to the C-S-H gels (using
X-ray diffraction); (3) the applicability of ideal
solid solution models to these systems.

Stage 1
1l

Stage 2

6+ .

Stage 4

1 10

100

1,000 10,000

Time (arbitrary units)

Fic. 1. Schematic representation of near-field pH evolution: stage 1: pH >12.5 due to dissolution of sodium and
potassium oxides; stage 2: pH ~12.5 buffered by Ca(OH),(s) component of the backfill; stage 3a: pH falling from
12.5 to ~9.8 controlled by the incongruent dissolution of C-S-H phases; stage 3b: pH ~9.8 controlled by congruent
dissolution of C-S-H phases (or secondary mineral phases); stage 4: pH <9 determined by the groundwater and
phases such as calcite; cementitious phases exhausted; based on reported diagram (Wang et al., 2009).
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Fic. 2. Dynamic leach test results for C-S-H gels of varying initial C/S; arrows indicate evolution of solid

composition during successive equilibrations with deionized water.

Experimental methodology

Calcium silicate hydrate gels of low C/S were
prepared by methods similar to those employed
previously to prepare C-S-H gels of higher C/S
(Chambers et al., 2003; Swanton et al,. 2004).
Batches of C-S-H gel at six target C/S values of
0.20, 0.25, 0.32, 0.40, 0.50 and 0.60, were
prepared as slurries by dispersing the required
amount of analytical grade calcium oxide in a
known volume of nitrogen-sparged demineralized
water, to which was added an appropriate amount
of colloidal silica dispersion to give the required
C/S. Gels were prepared in a nitrogen-atmosphere
glovebox. The containers were sealed and shaken
vigorously as the gels began to form. The gels
were left to cure for one month with regular
shaking to ensure that they did not solidify.
After curing, portions of slurry were dried to
constant weight at 80°C for 6 days then at 105°C
within the nitrogen-atmosphere glovebox to
determine the dry solid content of each batch.
Additional samples were dried to constant weight
over silica gel at ambient temperature to
determine the bound water content of the gels.
In each case, samples were centrifuged to separate
the bulk of the free water, which was removed,
before drying. Combined samples of the free
water from each batch were filtered through 0.45
um filters (pre-conditioned with water and C-S-H
gel equilibrated water) to obtain samples of the
equilibrated water for initial pH measurement and
for inductively coupled plasma atomic emission
spectroscopy (ICP-AES) analysis for calcium and
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silicon. Samples of the dried gels were taken to
the University of Sheffield for examination by
X-ray diffraction (XRD).

Leaching of the gels was carried out in
duplicate for each target C/S value. A known
weight of well mixed C-S-H gel slurry was added
to the experimental container, to which was then
added nitrogen-sparged demineralized water to
give a solid to liquid ratio of 4 g of C-S-H gel to
600 cm® water. The containers were mixed and
then sealed, removed from the glovebox and
immersed in a thermostatically controlled water
bath maintained at 25+1°C. After a minimum of
11 days, 480 to 500 cm® of supernatant leachate
were carefully decanted and replaced by an
equivalent volume of nitrogen-sparged deminer-
alized water. The pH of the leachate removed was
determined and filtered samples were acidified
and analysed for calcium and silicon by ICP-AES.
This procedure was repeated on 17 occasions over
the course of a 12 month period, to ensure that a
minimum total leaching ratio of 2 m® kg™' was
achieved for all experiments.

Experimental results

The pH and elemental analysis results for the
dissolution of low C/S C-S-H gels are shown in
Fig. 3 (the pH data are also shown in Fig. 2, for
comparison with earlier results obtained by the
same method). The leaching data show that the
incongruent dissolution observed in high calcium-
silicon ratio gels also occurs in those of low
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F1G. 3. Dynamic leach test results for C-S-H gels with initial C/S of 0.2 to 0.6 and comparison with reported data for
single equilibrations (G&C data taken from Greenberg and Chang, 1965); arrows indicate evolution of solid
composition during successive equilibrations with deionized water.

calcium/silicon ratio. For the new systems Interpretation of results

studied, the C-S-H gels with a C/S above 0.29
show preferential leaching of silicon leading to an
increase in C/S. This proceeds until congruent
dissolution is achieved at a ratio around 0.8. For
gels with very low C/S (below 0.29), calcium is
leached preferentially leaving an increasingly
silica-rich gel. The reason for the divergent
behaviour for gels above and a below this solid
C/S value is simply related to the solution C/S.
For all gels studied the solution ratio is close to
0.29 in the early stages of leaching. The observed
evolution of the solid C/S is a direct consequence
of the solution C/S value. Overall, the pH,
calcium and silicon concentrations show little
dependence on the C/S of the solid in the region
0.2 < C/S < 0.7, other than a general decrease in
silicon concentrations in the early results. Above
C/S = 0.7, the pH increases, and the silicon
concentration falls, as the point of congruent
dissolution is approached.

The XRD data for the lowest C/S (0.2) and
highest C/S (0.6) C-S-H gels after curing and
drying over silica gel are shown in Fig. 4. The
more-crystalline peaks observed resemble the
diffraction pattern for C-S-H (I), a poorly
crystalline calcium silicate hydrate phase, which
is described as an imperfect version of 1.4 nm
tobermorite (Chen et al., 2004). For the low C/S
gel, the presence of the amorphous hump centred
around 20° to 25° indicates the presence of
amorphous silica in addition to C-S-H (I).
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The C-S-H gel dissolution data confirm that the
point of congruent dissolution at around C/S = 0.8
is approached from below (i.e. for C-S-H gels
with initial C/S <0.8), as well as from above. For
the highest C/S C-S-H gels, the final C/S value in
the aqueous phase is close to that of the solid.
Overall the data are in good agreement with
results obtained from single equilibration experi-
ments (Greenberg and Chang, 1965); the main
difference is the higher reported calcium concen-
trations (see Fig. 3).

Initial attempts to model the leaching behaviour
have shown that the main features of the
experimental results can be reproduced either
using a two-phase model based on amorphous
silica and a fixed C/S C-S-H phase or, more
accurately, by applying a ideal solid solution
model based on an earlier approach (Kulik and
Kersten, 2001), with amorphous silica and a fixed
C/S C-S-H phase as endmembers. In each case,
the long-term decrease observed in aqueous
concentrations could be explained by a decrease
in the solubility of the solid phases. However,
these interpretations are dependent on the aqueous
phase having reached equilibrium with the C-S-H
gel in its current state of evolution, during each
leaching step. The relatively short equilibration
times allowed during each step of the dynamic
leach tests may not have allowed this. Further
model development for C-S-H gel dissolution will
therefore be carried out once data from the
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FiG. 4. X-ray diffraction patterns for C-S-H gels with C/S of 0.2 and 0.6; grey vertical lines show the peak positions
for C-S-H (I) above 50% relative intensity; black vertical lines are for CaCOs; * this peak is probably an artefact of
the sample holder.

remainder of the experimental study are available,
including: (1) further data from the sequential
leaching of the C-S-H gels studied; (2) further
data from longer-term C-S-H gel equilibrations;
(3) final (and more accurate) determination of C/S
in the C-S-H gel based on sampling and direct
measurement of the solid phase; (4) XRD data for
the final gels on completion of the leaching
studies.

Model for package-scale and vault-scale pH
performance

A spreadsheet model was developed (Heath et al.,
2011) to help evaluate the impact of packaged
wastes and groundwater composition on the
maintenance of the near-field pH. It was
developed specifically for NRVB (Nirex, 1997),
a high-calcium backfill prepared from Ordinary
Portland Cement, limestone flour and lime. The
spreadsheet is designed to investigate: (1) the
backfill requirement to meet a specified pH
performance criteria for a vault of specified type
(or for the whole disposal facility); or (2) the
effects of particular waste streams and packaging
concepts on the local (package-scale) pH
buffering, and to compare these results with
vault-averaged calculations

The vault-scale calculations consider all the
NRVB in a vault and its potential reactions with
major waste components, encapsulants and
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container materials. The amounts of each of
these materials are calculated from the inventory
as averaged values, for the selected vault type.
The package-scale calculations consider only
the local NRVB and its reactions with materials
associated with the specified package and waste
stream. The total volumes of NRVB plus waste
considered are of the order of 400,000 m? for the
vaults, and range from 2.6 m> to 48 m> for the
various package types. For direct comparison of
the vault-scale and package-scale results, the
package scale volumes, amounts and porewater
flow rates are scaled up to that of the vault scale
(i.e. effectively considering a vault filled with a
single waste package type). In each case the
spreadsheet can be applied to predict the pH
buffering times for a fixed volume of backfill, or
to predict the volume of backfill required to
provide the specified pH buffering for a fixed
duration. The pH buffering stages considered are
pH >12, based on the period of buffering by
calcium hydroxide (but allowing for variations
in the equilibrated pH with groundwater
composition), and pH >9, maintained by
equilibration with C-S-H phases and/ or the
products of groundwater reactions with the
backfill.

The spreadsheet has been set up with
component models so that it can be readily
updated for changes to the design, inventory or
groundwater composition.
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Model description and assumptions

The spreadsheet model includes: (1) the volume of
backfill associated with a given vault or package
type (selected from relevant design documenta-
tion); (2) the volumes of waste encapsulation
grouts (selected from relevant design documenta-
tion, for vault-scale calculations, or specified by
the user for package-scale calculations); (3) the
volume of polymer encapsulants (specified by the
user); (4) the amount of each waste component
expected to react with the calcium hydroxide
component of the backfill (selected from relevant
inventory documentation for vault-scale calcula-
tions, or specified by the user for package scale
calculations); (5) the reaction stoichiometry
between each waste component and calcium
hydroxide (specified by the user); (6) a set of
model groundwater parameters for the calculation
of the duration of pH buffers for four illustrative
groundwater compositions (to reflect a range of
possible salinities and host rock types as
summarized in Table 1, and based on available
sets of data); (7) an adjustable volumetric ground-
water flow rate.

There is considerable uncertainty regarding the
kinetics of many potential chemical reactions
between the waste and the backfill and, conse-
quently, in the extent of these reactions over the
specified periods of pH buffering. The spread-
sheet, therefore, applies simplifying assumptions
based on a two-step model. In step 1, all identified

reactions of the backfill with the waste and waste
encapsulants are conservatively assumed to occur
instantaneously and to go to completion,
following saturation of the vaults by groundwater.
The identified classes of reactions are discussed
below. The amount of backfill consumed by these
reactions is calculated within the spreadsheet. In
step 2, reaction of the remaining backfill with the
groundwater is considered and the relevant pH-
buffering periods are calculated.

For each of the four selected groundwater
compositions, a series of chemical calculations
had previously been performed to calculate the
evolution of pH as a function of the volumetric
groundwater flow through the vault, or local
package region. These calculations applied a
simple one box model in which the backfill
reacts with components of the inflowing ground-
water. The backfill was represented as calcium
hydroxide and C-S-H phases, and the formation of
secondary minerals was allowed. Each set of
results was fitted to an analytical form of the pH
evolution in which the volume of groundwater
required to lower the pH below the specified levels
was plotted as a function of the C/S of the backfill.

A simplified model based on these analytical
forms is included in the spreadsheet for each
groundwater composition. Detailed results of the
groundwater calculations and discussion of the
model assumptions are given elsewhere (Heath
and Hunter, 2011; Heath et al., 2011). The
secondary minerals considered in the reaction

TaBLE 1. Compositions of groundwaters applied in reactive transport calculations performed in the
development of the pH buffering spreadsheet (from Heath et al., 2011).

Element Elemental concentrations (mol dm™>)
Sellafield saline Dounreay non-saline Dounreay saline Bure clay
(RCF3 DET5) (DET 6) (DET 8)

Ca 2.9%x1072 89x107° 4.8x1072 1.5%x 1072
Mg 57%x1073 33x107° 6.8x 107 1.4%x1072
Na 3.7%x107! 8.4x1073 82 %1072 3.2x1072
K 44%x107° 3.8x107° 25%107% 7.1%1073
Al 1.7x107° 46x1077 5.4%x107% 7.4%x107°
Sr 20x107° 20x107° 99x107* 1.1x1073
Si 25%x107% 1.1x107* 7.6%107° 9.4%107°
cl 42x107" 53%x1073 1.7x107! 3.0x1072
C 1.0x1073 2.8x%1073 1.7x107* 2.1%1073
S 12x1072 2.8x107* 63%x1073 3.4%x1072
pH 7.22 8.75 7.73 7.10

Carbon concentration is for carbonates only; sulfur concentration is for sulfates only.
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between the backfill and the groundwater are
calcite and brucite. Although brucite may undergo
further reactions with other components of the
backfill, this is not expected to further reduce the
buffering capacity.

Where a backfill-consuming reaction involves
reactants both from the waste and the ground-
water, the predicted duration of the pH buffer may
depend on the amount of groundwater component
accumulated in the buffering period. An iterative
approach is therefore required. The spreadsheet
allows such an approach to be applied for
ettringite formation, which involves aluminium
from the backfill and encapsulation grouts and
sulfate predominantly from the groundwater. In
the spreadsheet model, ettringite is the only solid
phase treated in this manner (others are either
considered as step 1 reactions between backfill
and waste components or step 2 reactions
included in the groundwater modelling).
Alternative models with different assumptions
about the solid phases formed are possible, but the
important point is to ensure that each reactive
component of the waste or groundwater is
accounted for, but not duplicated by inclusion of
additional similar solid phases.

In assessing package-scale performance for
conditioned waste from a particular waste stream,
the predicted pH performance is compared with the
vault-averaged results by calculating the ratio of
pH buffering times. Many of the model assump-
tions are common to both the vault-scale and
package-scale so that the effect of any uncertainties
associated with these assumptions will be
cancelled out by this approach.

Reactions affecting pH performance

For the package-scale calculations, the reactions
of encapsulants and waste stream components
with the backfill need to be added by the
spreadsheet user. These wide ranging processes
fall into a number of classes, represented by the
net forward reactions outlined below.

Pozzolanic reaction with encapsulation grouts of
low C/S:
e.g. Ca(OH),(s) + C-S-H (lower C/S) —
C-S-H (higher C/S)
partial degradation of organic materials:

e.g. RCOOR’ + 0.5Ca(OH),(s) —
RCOO™ + R'OH + 0.5Ca*"

complete degradation of cellulose-like organic
waste components:

c.g. C6H1005 + 3C3(OH)2(S) -
3C03™ + 3CHy(g) + 2H,0 + 3Ca>"

reaction with reactive metals:
e.g. U(s) + 4H,O — UO,(OH),(s) + 3H,(g)

conversion of metal oxides and hydroxides to
mixed calcium-metal solids

e.g. 2UO,(OH),(s) + Ca(OH),(s) —
CaU,04(s) + 3H,0

hydroxide formation from metal salts:
e.g. Mg®>* + Ca(OH),(s) — Mg(OH),(s) + Ca*"
reaction of protonated forms:

e.g. HCO5 + 0.5Ca(OH),(s) —
0.5Ca*" + CO%™ + H,0

reaction of unprotonated anions:

e.g. 5Ca(OH),(s) + 3PO3~ —
Cas(PO,);0H(s) + 9OH~

reaction of silicates and aluminosilicates:

c.g. Naé[(A102)6(8102)30]24H20 + Ca(OH)z(S) b d
C-S-H + calcium aluminate + 6Na™

formation of higher aqueous hydrolysis species:

e.g. Fe(OH)3(s) + 0.5Ca(OH),(s) —
Fe(OH); + 0.5Ca>"

The pozzolanic reaction between the backfill
and the cementitious grouts generally leads to the
consumption of calcium hydroxide component of
the backfill and a reduction in the period of
buffering above pH 12. However, the products of
such reactions (e.g. C-S-H phases) may them-
selves contribute to the lengthening of the later-
stage pH buffering at pH >9. The spreadsheet
allows the long-term effects of the pozzolanic
reaction products either to be included or
excluded from the calculation. It is noted that
the reaction of reactive metals does not generally
result in the consumption of calcium hydroxide.
However, onward reaction of the resulting oxide
or hydroxide of the metal may do so (as indicated
above for uranium).

Model results

The model has been applied to vault-scale and
disposal-facility-scale calculations to investigate
the expected duration of pH buffering phases. For
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the specified design, waste inventory and selected
groundwater type (Sellafield saline), and given the
various assumptions (Heath and Hunter, 2011),
periods of pH buffering at pH >9 above one
million years were generally calculated, for the
vault scale. In one scenario, where peripheral
backfill (around the edges of the vaults) was
excluded from the calculation, and no credit was
taken for buffering provided by the products of the
pozzolanic reaction, the predicted period of pH >9
buffering for unshielded ILW vaults was around
1.06 million years (only slightly higher than the
period of required buffering performance).

Application of this model is illustrated by its
use to estimate the effects of the waste packages
from three waste streams (Nuclear
Decommissioning Authority, 2011) on the alka-
line buffering performance of the near field
(Heath et al., 2011): (1) encapsulated barium
carbonate slurry/MEB crud (waste stream identi-
fier 2F06; MEB denotes multi-element bottles,
used for spent fuel storage); (2) a steel
decommissioning waste (waste stream identifier
9D311); and (3) plutonium-contaminated mate-
rials (waste stream identifier 2D03).

In each of these cases, the predicted duration of
the pH >9 buffer was greater than that calculated
for the vault-averaged results (Table 2) for the
same sets of assumptions. This suggests that these
waste streams will cause no additional post-
closure pH effects above those of the inventory

as a whole. However, for the plutonium-
contaminated material (PCM) the period of pH
>12 buffering was reduced compared with the
vault-averaged result.

Calculations in which the groundwater type
was varied showed a strong dependence of the
predicted buffering times on water composition.
Most significantly, groundwater with high carbo-
nate and magnesium concentrations showed
reduced pH buffering periods (above pH 12),
although for magnesium the longer term buffer
(above pH 9) was extended. Groundwaters with
lower calcium and silicon concentrations or with
higher ionic strengths resulted in more rapid
backfill dissolution and reduced pH buffering
periods. Buffering at pH >12 is decreased due to
ettringite formation for all waters. The extent of
this effect increases with sulfate concentration
until the ettringite formation becomes limited by
the amount of aluminium in the waste and
backfill. The predicted buffering periods are
inversely proportional to the groundwater flow
rate, and consequently can be greatly extended for
concepts based on geologies with lower flow rates

(e.g. clays).

Conclusions

The UK cementitious disposal concept for ILW
and some LLW requires the long-term main-
tenance of alkaline near-field conditions to

TaBLE 2. The pH performance spreadsheet results for selected waste streams: ratio of pH buffering time for
waste package to vault-averaged result.

Model selections

Waste stream BaCO5;/MEB crud Steel decom. waste PCM

Identifier 2F06 9D311 2D03

Package type 500 1 drum 4 m box 500 1 annular drum
Vault type unshielded ILW shielded ILW/LLW unshielded ILW
Groundwater type Sellafield saline Sellafield saline Sellafield saline
VF(package)/ m> year™! 8.7x107* 6.5%x107° 8.5x107*
VF(vault) m® year™! 252 11.4 252

Model results

R(pH>12) 2.7 3.7 0.5

R(pH>9) 2.3 1.8 1.2

R(pH>12) is the ratio of the predicted pH buffering time above pH 12 for the given package to the equivalent vault-
averaged quantity;

R(pH>9) is the corresponding ratio based on predicted buffering times at pH >9.

VE(vault) is the volumetric groundwater flow rate through the vault;

VF(package) is the volumetric groundwater flow rate through the package region (including local backfill).
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provide a chemical barrier to the migration of
many radionuclides. Demonstration of the
required pH buffering performance depends on
an understanding of (1) the mechanisms by which
the backfill chemically conditions the ground-
water; and (2) the reactions of the backfill with
the groundwater, waste and other repository
components. The ongoing development and
application of such understanding has been
illustrated with: (1) results from an ongoing
investigation of the leaching behaviour of C-S-H
gels and associated structural changes to the
C-S-H phases of relevance to long-term pH
evolution; and (2) the development and applica-
tion of a spreadsheet model to asses the vault-
scale and package-scale pH performance,
including the effects of all identified reactions.

The C-S-H gel results confirm that a congruent
dissolution point around C/S = 0.8 is approached
by leaching from below (i.e. for gels with
0.29 < C/S < 0.8), as well as from above, as
reported elsewhere.
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